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Introduction 
Recent advances in heart research have begun to cast new light on 
old concepts of cardiac response to anoxia. The classical view is 
sunnned up by Olson who writes: nif energy production fails, as in 
anoxia, the heart depends on scant labile phosphate supplies ••• and 
.cardiac work lasts only a few minutes "(23) . The careless and easy 
assumption follows that if cardiac work lasts only a few minutes, 
then cardiac survival probably extends a few minutes past the cessation 
of function, if that long . Such is not the case . 
1. 
Before elaborating on this point, however, the terms myocardial 
survival and myocardial function must be defined. 
Myocardial survival in this thesis is defined as the ability of 
heart muscle to remain alive, whether actively functioning or not, 
with the important specification that the tissue be able to resume 
function when placed in a normal environment . 
Myocardial function is defined as the ability of the heart muscle 
to contract. The estimation of the degree of function depends upon 
arbitrary standards---a particular contraction height considered 
physiologic or pathologic by one investigator may or may not be accepted 
as such by another observer . In general, one can state that control 
values obtained in a normal physiological environment represent an 
estimation of adequate, if not maximal, performance. If the heart 
is subjected to trauma or experimentation of any sort and then returned 
to normal conditions, any degree of function short of control capacity, 
i . e . partial recovery of function, takes on the significance that 
either the investigator or an outside observer wishes to assign to it . 
The ability of the heart to survive after conditions of anoxia 
has been demonstrated as far back as 1903 when Kuliabko revived whole 
human hearts 30 hours post-mortem using the Langendorf technique (17). 
Recently, Ullrick et al. studied human trabecular muscle columns 
revived after post-mortem periods ranging from 1-14 hours, (30) and 
Bing et al. have experimented on cardiac actomyosin "bands" prepared 
from human heart homogenates up to 12 hours post-mortem (14). Bing 
has also demonstrated in the arrested dog heart with no coronary 
circulation that the oxygen consumption of the whole heart remains 
2. 
at control levels if interruption of coronary perfusion does not exceed 
two hours (14). Clifton and LaDue, working with new methods for 
consistently producing coronary thrombosis in dogs, find that re-
establishment of coronary patency within two to six hours after 
occlusion (by plasmin injections to dissolve the clot) successfully 
reduces the area of infarction and allows for resumption of normal 
function (6). Heart muscle, then,is able to survive considerable 
periods of anoxia. 
The adequacy of function as opposed to survival under conditions 
of anoxia, however, is another thing. The findings of most investigators 
agree that myocardial contractility is severely impaired by anoxia. 
Webb and Hollander elicited contractions for periods up to 20 minutes 
in rat atria under conditions of anoxia (17). Trautwein and Dudel, 
subjecting cat papillary muscle to 100% nitrogen, obtained contraction 
1 heights 1.6 that of control values 30 minutes after institution of 
...,---
anoxia (28). Bing, working with whole rabbit and dog hearts, sustained 
contractions for only 20 minutes following interruption of coronary 
perfusion (14). These standard results find their clinical counter-
3· 
part in current theories concerning the physiological and pathological 
factors present in the syndrome of heart disease (ranging from angina 
pectoris to sudden myocardial standstill) and in the clinical entity of 
congestive heart failure . Thus, coronary arteriosclerosis is considered 
to lead to coronary narrowing and a decreased myocardial blood supply. 
Prolonged coronary insu:fficiency from narrowing results in myocardial 
anoxia, possibly follovred by focal or extensive areas of subendocardial 
necrosis (leading to myocardial infarction) or diffuse fibrosis of the 
heart muscle, eventually leading to congestive heart failure (8) . 
In summary, anoxia does not necessarily terminate cardiac viability, 
but it does decrease or terminate cardiac function (contractility), 
depending upon the degree of anoxia encountered by the heart tissue . 
More specific considerations of cardiac r esponse to a lack of 
oxygen can be discussed under the general topic headings of the 
effects of anoxia on 1) excitability as related to contractility, 
2) intra- and extracellular ionic concentrations, and 3) cardiac 
metabolism . 
Recent experiments indicate that failure of muscle membrane 
electrical activity may initiate the progressive mechanical failure 
of the anoxic heart . In the previously mentioned vork of Webb and 
Hollander (35), the membrane potentials of isolated, electrically 
stimulated, anoxic rat heart atria were measured by the microelectrode 
technique . The height of the action potentials began to decline 
after four minutes of anoxia and proceeded to cessation at the end of 
17 minutes, whereas contractility began to decline vli thin 1-2 minutes, 
but lasted as long as 20 minutes . Similarly, in the work of Traut\·rein 
and Dudel, cat papillary muscles gassed -vli th lOaf, nitrogen manifested 
rapid shortening of the duration of action potentials, followed by a 
4. 
diminution in amplitude, with disappearance in 32 minutes; whereas 
contractility at the end of 30 minutes was 17% of control values. 
Thus, anoxic heart failure may be more a phenomenon of muscle membrane 
or excitability disturbances rather than of contractile protein failure 
per se. 
If intra- and extracellular ionic concentration gradients are 
considered to be l) a reflection of the fUnctional state of the muscle 
membrane, and 2) a factor in the genesis of the electrical potential 
of that membrane---then, experimental evidence strongly suggests that 
the electropotential difference between the two sides of the membrane 
is disrupted by a disturbance of physiological ionic concentrations, 
which in turn may depend upon cellular or membrane metabolic factors. 
Thus, in the rat ventricular strip either deprived of oxygen or 
subjected to a co2-N2 mixture, McDowall demonstrated a rapid uptake 
of sodium by the heart cells (20). Exposure of these anoxic strips to 
Kreb ' s solution low in sodium does not lower the abnormally high 
intracellular sodium concentration, leading McDowall to infer that 
the activity of the sodium pump mechanism is impaired by anoxia, (21). 
Weldman correlates this finding with the electrical activity of the 
cell by postulating that less sodium ion extruded from the fiber per 
unit of time leads to a decrease in the resting membrane potential 
which then renders the heart cell incapable of responding to stimuli 
(36). Bing, working with whole rabbit heart subjected to nitrogen 
gassing, suggests that the finding of a markedly shortened duration 
of the action potential due to a shortening of the repolarization 
phase indicates a more rapid passive transport of potassium ions out 
of the cell (2). Thus, the intra- and extracellular sodium-potassium 
ratios tend to become reversed during anoxia, and the effect upon 
excitability and t otal cardiac function and host survival is 
sunnna.rized by Bing 1-rho concludes t hat "the ability of any organ to 
function, just as of the whole organi sm, depends upon the resistance 
of its weakest link; therefore, the loss of excitability of cardiac 
muscle which is rapidly induced by ischemia leads to the death of the 
i~ole organism, despite the ability of other biochemical and biophysical 
functions to survive for longer periods of time 11 ( 14) • 
Unless one were to accept the hypothesis that cellular ionic 
exchanges are based solely upon physical phenomena such as the diameter 
of hydrated and anhydrous ions (19), then one is inclined to consider 
cellular metabolism as the basic defaulting factor in the chain of 
events leading to cellular failure during anoxia . 
Metabolic disturbances during anoxia are in evidence at all phases 
of bi oenergetics, from the supply of oxidizable substrates provided 
by intracellular glycogen to the final oxidation of protons and carbon 
atoms by oxygen . Enzymes, high energy phosphate compounds, and the 
relative activity of metabolic pathways all reflect the responses of 
the cell to an environment incompatible with normal physiological 
function . 
General evidence of the metabolic "derangement 11 which occurs 
during anoxia is the persistence of a high degree of glycolytic 
respiration even though a gas phase of lOa% oxygen is reinstituted 
5. 
after anoxia. Bing, working with slices of dog heart in the Warburg 
apparatus, found that the respiratory quotient, which should theoretically 
be 1 . 00 for tissue in media of high glucose concentration and a lOa% 
oxygen gas phase, vras elevated to 1. 2 when the dog heart was previously 
subjected to anoxia; thus indicating that glycolytic metabolism continued 
to occur despite reinstitution of aerobic conditions in the Warburg 
6. 
apparatus. The high-energy phosphate reserve of heart muscle in the 
form of creatine-phosphate is small, so that during periods of anoxia 
the tissue must revert to glycolytic metabolism in order to furnish 
amounts of A'l'P necessary to meet the functional demands of contraction, 
and evidently, this "emergency" metabolic reversion continues to 
operate after extended periods of anoxia . It would appear, however, 
that glycolytic pathways can support cardiac function for a limited 
time only, and the analysis of the phosphoric components of anoxic 
cat papillary muscle by Greiner reveals t he rapid breakdown of 
phosphocreatine, the subsequent dephosphorylation of ATP, a significant 
diminution of the total quantity of adenosine nucleotides, and a 
significant elevation of adenosine monophosphate, diphosphate, and 
inorganic phosphate (12) . The substances that diminish under anoxia 
are those furnishing the energy necessary for the contractile process . 
Further evidence of a disturbed metabolism during and after 
anoxia comes from studies carried out with the Warburg apparatus . 
Webb et al. (35), Pearson et al. (24), Bing et al . (14), Fuhrman et al. (9), 
Furchgott and Shorr (10), all working independently, have demonstrated 
that the oxygen consumption of rat heart slices, following timed 
exposure to anoxic conditions, is depressed upon reinstitution of 
oxygen, the degree of depression depending upon the length of exposure 
to anoxia. Fuhrman et al . further demonstrated that the slices were 
able to regain more of their initial R. Q. upon re-oxygenation if the 
temperature was kept low during the anoxic interval, and he postulates 
that enzyme preservation must have occurred during the hypothermic 
experiments (9). 
7· 
The exact location of the injury to the enzyme systems involved in 
anoxia is a matter of controversy. Bernheim and Bernheim, working 
with rat heart slices showing depressed respiration after partial 
anaerobiosis, found that oxidation of succinic acid occurred at a rate 
equal to that of fresh slices, and concluded that carbohydrate metabolism 
is disturbed at some stage between hexose phosphate and lactic and 
pyruvic acids, and not actually in the Kreb ' s cycle itself (1). Others 
have found evidence of disturbance in the proton-passing enzymes of 
the Kreb ' s cycle: Mengebier (22) has shown decreased cytochrome C 
content of rat heart homogenates exposed to nitrogen gas for thirty 
minutes; and Lenley and Meneeley, again working idth rat heart homogenates, 
found a decreased cellular content of both DPN and cytochrome-C When 
the rats were killed by acute anoxia in a low pressure chamber (16) . 
Work in this area is still of a rudimentary nature. 
To summarize: closer attention is now being paid to the exact 
effects of a lack of oxygen upon various tissues, especially those, 
like heart, which are assumed to be highly sensitive to anoxia. Recent 
results have shown that although function may be severely impaired in 
the absence of oxygen, tissue survival may not follow a similar path, 
and thus, certain experimental work such as the revival of Whole human 
hearts 30 hours after death begin to be more understandable . The 
location of the weak point in cardiac dynamics, which breaks down 
under anoxic conditions leading to decompensated function, is unknown. 
Opinion ranges from the implication of membrane activity and ionic 
movements to various areas within the intermediary metabolic schemae. 
It appears that further work in this area will be very rewarding . 
The purpose of the present investigation is two fold: first, to 
demonstrate by in vitro methods that the difference between myocardial 
survival and function is quite distinct, and secondly, to examine 
more closely certain aspects of cardiac function under anoxia in 
order to determine the degree of muscle debilitation under quantitated 
conditions of anoxia. Two important complicating variables present in 
both post-mortem and in vivo studies will be eliminated: namely, 
variation in temperature (such as the low preservative temperatures 
used to delay deterioration in cadavers) and the presence of other 
organ systems which may either aid or combat the effects of anoxia. 
An attempt will be made to couple the quantitative determination of 
cardiac resistance to anoxia with metabolic and thermodynamic 
considerations . The method of study will involve the measurement of 
the isometric tensions developed by rat heart muscle in fluid relatively 
free of oxygen. 
8. 
MATERIALS AND HETHODS 
A. Experimental Design and Equilibration Procedure 
1. Male and female albino Sprague-Dawley rats 1vi th a mean 
weight of 4oo ± 21.5 S. E. gms . were decapitated, the abdomen and chest 
opened 1vith scissors and the total heart removed. Rinsed momentarily 
in Ringer's solution, the heart was opened with small dissecting 
scissors, cutting down the posterior myocardial wall as close to 
the interventricular septmn as possible . The trabecular carnea 
muscle of the left ventricle was exposed, freed by insertion of the 
scissor blade underneath the surface adjacent to the ventricular vroll, 
and removed ( 32) . A specimen of 2- 3mm. in length was usually obtained. 
The tissue was placed in a petri dish containing Ringer ' s solution 
of the following composition (in grams% ): NaCl 0.90, KCl 0 . 042, 
CaCl2 0 .062, NaHC03 0. 060, and Glucose 0 .10. After trimming, the 
specimen was placed in an apparatus designed to measure isometric 
contractions of small amounts of heart tissue . The procedure was as 
follows : 
One end of the muscle column was placed in a portable spring 
clamp . The other end \vas inserted into a stationary leuci te clamp, 
containing two silver wire electrodes, Which, flush with the outer 
clamp surfaces and hence making contact with the muscle, I·Tere connected 
through a stimulus-isolation-unit to a stimulator . The intensity of 
the stimulus was monitored on an oscilloscope . The upper clamp was 
connected by tungsten wire to a spring (resting tension spring) 'Which 
vras partially extended by a scre1-1 micrometer to exert a constant resting 
tension upon the muscle column. A second connection of tungsten wire 
from the resting tension spring to the lever of a strain gauge served 
9· 
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to transmit the contraction force of the muscle to the gauge which 
transformed the mechanical force into an electrical pulse and relayed 
it to a Sanborn Recorder where it was amplified and recorded. 
When the muscle had been mounted in the apparatus, it was lowered 
into a cylindrical glass bath containing 100 ml . of Ringer's solution 
through which oxygen was continuously bubbled via a glass coil and 
cintered glass plate . Continual exchange of fluid occurred through 
a reservoir-inlet-outlet system, and the temperature of the fluid was 
kept constant by a surrounding warm water bath. 
After a 20-minute equilibration period during which the muscle 
was immersed in a circulated, oxygenated Ringer's solution, the rheobase 
of the muscle was determined and a stimulus of 6 msec . duration set 
at this level . The muscle was stimulated to contract for 20 minutes 
at a rate of 60 beats/min. until a steady contraction height was 
obtained. The muscle was then considered to have reached a steady 
state with respect to its new environment and was ready for experimental 
procedures . 
B. Experimental Procedures 
1. axygenation: in a series of 10 experiments the muscle 
was left in the equilibrated, driven state and the contractions were 
recorded for 10 hours; that is, fluid circulation and oxygenation were 
continuous, stimulus rate was 60/min. , resting tension maintained at 
1 gm., and temperature at 37 . 5°C . 
2. Hypoxia: in a series of 7 experiments the following 
procedures were carried out after the 20-minute control period. The 
perfusion and oxygenation were stopped, the muscle and mounting assembly 
were removed from the equilibration bath and placed in a new bath containing 
ll. 
2 CHANNEL RECORDING SET -UP 
STRAIN GAUGE 
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STIRRER 
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200 ml . of Ringer ' s solution that had not been previously oxygenated. 
One-half inch of extra heavy 'White mineral oil ( USP) was layered over 
the surface to exclude air from the Ringer ' s solution surrounding the 
muscle . There was no movement of the fluid inside the muscle bath with 
the exception of one experiment in which momentum was imparted to the 
fluid by means of a stirrer to be described in more detail under 
''Anoxia vTi th Movement of the Flui d Medium. 11 All other conditions were 
as described for "Oxygenation 11 above . Contractions were recorded for 
periods up to nine hours . 
Van Slyke oxygen determinations were made on 10-ml . samples of the 
bath fluid, taken 1- 4 hours after the experimental procedure had been 
in progress . Special procedures were designed to detect small amounts 
of oxygen in aqueous solution (courtesy of Dr. Gaensler, Heart Station, 
Boston City Hospital) . 
3. Anoxia: a 5000 ml . r ound-bottom, pyrex glass flask with 
glass- fused neck and reinforced glass tube outlet was connected by a 
12. 
heavy rubber tubing to a water vacuum outlet and the flask was partially 
evacuated. Twenty- seven hundred ml . of hypotonic Ringer ' s solution 
(without bicarbonate) was drawn into the flask, the tubing was reconnected 
vTith the vacuum outlet and the flask was heated by flame in direct contact 
with the flask wall for a period of 4o minutes to expell dissolved gases 
in solution 'Which were evacuated via t he single outlet of the flask 
connected directly to the vacuum outlet . In quantity, the solution 
was reduced over the period of boiling to 2500 ml . ~1ich rendered it 
isotonic . The boiled solution was then cooled and transferred via a 
t - tube arrangement to a 1200 ml . evacuated aspirator bottle, and the 
solution was allowed to come to room temperature (25 . 6°C. ) . The top 
outlet was then opened under extra heavy petroleum oil Which was 
drawn in until a surface layer of about 1/4 inch was obtained. The 
vacuum was then broken and an appropriate amount of bicarbonate added 
by insertion of an aluminum foil packet, containing the bicarbonate, 
under the oil surface and opening it (had the bicarbonate been in 
solution previously, it would have been transformed to carbonate) . 
The oxygen- free Ringer's solution under oil was then ready for addition 
to the muscle bath. 
In a series of 14 experiments, the following procedures were 
carried out after the 20 minute equilibration period. Oxygenation and 
suffUsion were stopped and heavy petroleum oil layered over all outlets 
of the muscle bath so that air had no access to the muscle. Eighty ml . 
of the solution in the bath were then removed by the outlet tubing and 
replaced by 80 ml. of oxygen- free fluid (the 20 ml. minimum of solution 
that remained in the bath at any given stage of transfer was sufficient 
13. 
to keep the oil and solution level above the muscle) . This process of 
draining oxygen- contaminated fluid and replacing it with oxygen- free 
solution was continued until a total of 480 ml . of oxygen- free Ringer's 
solution had been added to the bath (in six 80 ml . portions). When the 
procedure was complete, no further movement was imparted to the remaining 
100 ml . of fluid. Temperature was 37 . 5° C. , resting tension 1 gm. , and 
contractions were recorded until no longer elicitable . The rate of 
stimulation was varied as follows : 60/min. (6 expts . ), 20/min. (6 expts . ), 
and 0/min. except for hourly two minute recordings of contraction height 
(2 expts . ) . Intensity of stimulation was adjusted according to the state 
of muscle excitability . 
In six of the experiments, after an average of 3 hours of muscle 
contraction, the oil layer was removed from the cintered glass plate and 
DE -OXYGENATION 
APPARATUS 
Heavy 
Rubber Tubing 
Reinforced 
..__ Heavy Glass 
Oullet 8 Neck 
500 ml. 
ROUND-BOTTOM 
~FLASK 
Burner 
ASPIRATOR 
BOTTLE 
Water-vacuum 
Outlet 
14.· 
oxygen was reintroduced into the bath, and contractions were recorded 
for 3 hours to determine the amount of recovery possible. 
In 8 experiments, 10 ml. samples of oxygen-free solution were 
withdrawn under oil at 1-4 hour intervals after the experimental 
15. 
procedure had been in progress, and special Van Slyke oxygen determinations 
were made. 
4. Anoxia with Movement of the Fluid Medium: in a series of 
8 experiments the following procedures were carried out after the 20 
minute equilibration period. The Ringer's exchange and oxygenation were 
stopped, the muscle and mounting assembly were removed from the 
equilibration bath and placed in a new bath containing 200 ml. of 
Ringer's solution that had not been previously oxygenated. Extra 
heavy white mineral oil (USP) -was layered over the surface, as previously 
described, and a stirrer was added to the system, the stirring rod 
consisting of a long glass rod penetrating through the oil surface and 
having at its distal end a flattened blade. The stirrer was turned 
on, and then oxygen- free Ringer's solution, prepared as outlined above- --
with the important exception that the fluid temperature was maintained 
at 37.5°c . (instead of being allowed to came to room temperature)- - -
was added as follows; a clamped siphon was established from the muscle 
bath via rubber tubing i nt roduced under the oil layer. The rubber tubing 
from the aspirator bottle (containing oxygen-free Ringer's solution) was 
introduced under oil and then the tubing from both siphon and aspirat or 
bottle were unclamped so that oxygen-free fluid entered the bath as 
oxygen-contaminated fluid left. The stirrer continued to move the fluid 
at constant velocity. A total of 1100 ml. of anoxic fluid was exchanged, 
the final bath volume remaining at 200 ml. The muscle -was then allowed 
to contract at a rate of 20/min. , and recordings were made up to 6 hours . 
16. 
Temperature : 37 .5° C. (with the exception of 2 pilot experiments where 
it was maintained at 25 .6 and 42.5° C. ), resting tens ion: 1 gm. , f luid 
movement continuous . At the end of the experiment the stirrer was 
turned off and the remaining contraction height recorded until it had 
decreased an additional 5afo . Oxygen analyses were made on 10 ml. 
samples, drawn from the bath 1- 2 hours following the institution of 
anoxia. 
At the end of all experiments, the muscle column "\vas removed 
from the cl amps, the tissue that had been compressed between the clamps 
was dissected away, and the remaining tissue was placed in an oven, 
dried overnight, and the dry weight determined the following morning . 
17. 
RESULTS 
The oxygenated, suffused trabecular muscle survived the arbitrary 
control period of 10 hours, still developing 33% of its original contraction 
height at the end of this period. 
The hypoxic muscle, placed in previously un- oxygenated Ringer's 
solution sealed off from air by oil, developed 12. 4% of its equilibration 
period contraction height at the end of 6 hours as compared to oxygenated 
muscles Which retained 50% of their equilibration contractile force at 
the end of 6 hours (Table l) . vlhen the fluid surrounding the hypoxic 
muscle was set in motion by the stirrer, contraction height tripled 
initially in comparison to the unstirred hypoxic muscle, but at the 
termination of the experiment, the contraction height of the stirred 
muscle had fallen below that of the unstirred muscle (Table 1) . 
The anoxic muscle, subjected to Ringer's solution freed of dissolved 
gases by vacuum extraction under heat, rapidly failed in contractile 
strength until at the end of 3 hours, developed tension was a negligible 
2. 2% of the equilibration period value (Table 2) . Van Slyke determinations 
showed an average of .12 vol .% (or 37 .4 mm. of Hg . ) of oxygen in the 
fluid surrounding the muscle . Under the same anoxic conditions and with 
the addition of a stirrer to impart movement to the relatively oxygen-
free Ringer's solution, trabecular muscles survived 6 hours, the contraction 
height being approximately twice that of non-stirred muscles at any 
given point along the curve (Table 3, Figure 3). At the end of 6 hours 
the stirrer was stopped, leading to a 50% loss of developed tension within 
10 minutes. 
Statistical analysis of the developed tensions of the control muscles 
vs . anoxic muscles (with fluid motion) was significant (p = < .01) as was 
the analysis of the variance between the developed tensions over the 
TABLE 1. MEAN DEVELOPED TENSIONS OF RAT HEART MUSCLE UNDER 
AEROBIC AND HYPOXIC CONDITIONS. THE EFFECT OF FLUID MEDIUM 
MOVEMENT UPON HYPOXIC MUSCLE CONTRACTIONS. 
Experimental Percent Developed Tension 
Sequence 
Oxygenation Hypoxia 
(10) (6) 
Equilibration 
Period 100. 0 100. 0 
(20 min. ) 
Experimental 
Period 
(in hours) 
0 87* 
1 81.3 ± 12.9 14. 2 ± 5·3 
2 65 . 0 ± 15 . 0 19 . 4 ± 4. 7 
3 56.8 ± 15 . 0 15 . 8 ± 4. 4 
4 52.1 ± 15 -5 14.9 ± 3. 8 
5 55 . 0 ± 10. 7 14. 0 ± 4.6 
6 51. 0 ± 14. 7 12. 4 ± 2. 9 
* Value extrapolated from the regression line 
± values = standard error of the mean 
Hypoxia 
with movement 
of the medium 
(1) 
100.0 
41.7 
34. 3 
27 . 0 
21.1 
15 . 0 
8 . 6 
Numbers in parentheses = number of animals in each group 
18. 
19. 
TABLE 2. MEAN DEVELOPED TENSIONS OF RAT HEART MUSCLE UNDER 
AEROBIC AND ANOXIC CONDITIONS. THE EFFECT OF RE-OXYGENATION. 
ExperimentaJ. 
Sequence 
Equilibration 
Period 
(20 min.) 
ExperimentaJ. 
Period 
(in hours) 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Re-o:xygenation 
Period 
( vaJ.ues taken 
at the end of 
three hours) 
Oxygenation 
(mean developed tension 
and standard error of 
10 expts . ) 
mgms . percent 
765 . 5 ± 229 . 0 100.0 
622.1 ± 210. 0 
479 .1 ± 174. 0 
435 . 0 ± 120. 0 
398 .9 ± 133· 0 
421. 6 ± 138.8 
390. 6 ± 134. 0 
371.8 ± 132. 0 
352.0 ± 118. 0 
281.0 ± 125 . 0 
260.0 ± 96 . 2 
87* 
81 . 3 ± 12.9 
65 . 0 ± 15 . 0 
56 .8 ± 15 . 0 
52.1 ± 15 . 5 
55 . 0 ± 10.7 
51. 0 ± 14.7 
48 . 6 ± 17 . 0 
46 . 0 ± 13. 5 
36 .7 ± 19 . 0 
34. 0 ± 16. 4 
*Values extrapolated from the regression lines 
Anoxia 
(mean developed tension 
and standard error of 
6 expts . ) 
mgms . percent 
1268.1 ± 432. 3 100.0 
120. 5 ± 83.1 
52. 2 ± 45 . 5 
28.0 ± 4o.8 
--- 0 ---
15* 
9 · 5 ± 4. 6 
4.1 ± 4. 0 
2. 2 ± 2.8 
- - - 0 ---
202. 9 ± 126. 2 16. 0 ± 9 ·9 
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ISOMETRIC SYSTEM WITH MOVEMENT 
100 OF THE MEDIUM 
80 Oxygenated 
60 
40 Hypoxia with movement of the medium 
20 
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EXPERIMENTAL PERIOD (HOURS} 
Figure I. THE EFFECT OF FLUID MEDIUM MOVEMENT UPON THE 
DEVELOPED TENSION OF HYPOXIC RAT HEART MUSCLE. 
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ISOMETRIC SYSTEM 
RE-OXYGENATION 100.---------~-------------
Oxygenated 
Re-oxy~Jenation 
Anoxia l =Recovery 
· of50%of· 
anoxic muscles 
'--- ··~~ 
0 2 4 6 8 10 
EXPERIMENTAL PERIOD (Hours) 
~ . Figure 2. THE MEAN DEVELOPED TENSION WITH STANDARD ERROR 
FOR RAT HEART MUSCLE UNDER AEROBIC 8 ANOXIC 
CONDITIONS. THE EFFECT OF THE RE-INTRODUCTION 
OF OXYGEN UPON THE ANOXIC PREPARATION. 
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experimental period of anoxic muscles with and without stirrer (p = < . 01). 
Tests for a significance of the difference between the regression 
coefficients of control muscles vs. anoxic muscles with stirrer showed 
that there was no significant difference between the two coefficients. 
When oxygen was administered to the anoxic muscles at the end of 3 
hours (with no fluid movement), 5C1fo of the muscles were able to recover 
60% (in mgm. developed tension) of the contraction height exhibited at 
a corresponding time by control muscles. Maximum recovery occurred within 
3 hours after the re-introduction of oxygen. The remaining 5CJfo of 
the anoxic muscles were not revivable (Figure 2). 
Under the conditions of these experiments, variation of temperature 
and rate of stimulation affected the function of the anoxic muscle 
as follows: changes in stimulation rate had no appreciable effect upon 
:function (Table 4, Figure 4). In pilot experiments the changes in 
temperature, however, were critical in the performance of the anoxic 
muscle, and any deviation from the optimal physiological temperature 
of 37.5°c. led to rapid decrease and ultimate failure of muscle contraction. 
TABLE 3. MEAN DEVELOP.ED TENSIONS OF RAT HEART MUSCLE UNDER 
AEROBIC AND ANOXIC CONDITIONS. THE EFFECT OF FLUID MEDDJM 
MOVEMENT UPON ANOXIC MUSCLE CONTRACTIONS . 
Ex:perimentaJ. Percent Developed Tension 
Sequence 
Oxygenation Anoxia 
(10) (6) 
Equilibration 
Period 100.0 100.0 
(20 min. ) 
Ex:perimentaJ. 
Period 
(in h ours) 
0 87* 13* 
1 81.3 ± 12.9 9·5 ± 4.6 
2 65 .0 ± 15 .0 4.1 ± 4.0 
3 56 .8 ± 15 .0 2.2 ± 2.8 
4 52.1 ± 15 .5 
--- 0 ---
5 55 .0 ± 10.7 
6 51.0 ± 14.7 
7 48.6 ± 17 .0 
8 46 .0 ± 13.5 
9 36.7 ± 19 .0 
10 34.0 ± 16 .4 
* VaJ.ues extrapolated i'rom the regression lines 
± vaJ.ues = standard error of' the mean 
Anoxia 
with movement 
of' the medium 
(6) 
100.0 
25* 
21. 0 ± 5.1 
19 .1 ± 2.5 
10.6 ± 2. 4 
8. 4 ± 3. 4 
6.7 ± 3·9 
5.1 ± 4.1 
--- 0 ---
Numbers in parentheses = number of' animals in each group 
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TABLE 4. THE EFFECT OF ALTElli~"G STll.ruLUS RATE UPON THE :MEAN 
DEVELOPED TENSION OF ANOXIC RAT HF.ART. 
Experimental Percent Developed Tension 
Sequence 
Oxygenation Anoxia 
--------------------------------60/rnin. 60/rnin. 20/rnin. 0/rnin. 
(10) (6) (6) (2) 
Equilibration 
Period 100. 0 100. 0 100. 0 100. 0 ( 2o min. ) 
Experimental 
Period 
(in hours) 
1 81.3 ± 12. 9 4. 6 ± 3-2 14. 0 ± 4. 3 7 -3 ± 2. 7 
2 65 . 0 ± 15 . 0 3· 5 ± 1.7 4. 3 ± 2 . 1 1.5 ± 1 . 0 
3 56 . 8 ± 15 . 0 3. 2 ± 1.2 1 . 5 ± 1.3 3. 8 ± 1 . 8 
4 52. 1 ± 15 . 5 
--- 0 --- --- 0 --- 5 . 4 ± 1.5 
5 55 . 0 ± 10. 7 --- 0 ---
± values = standard error of the mean 
Numbers in parentheses = number of animals in each group 
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Figure 6. A COMPARISON OF THE THEORETICAL 8 ACTUAL MEAN 
DEVELOPED TENSIONS OF ANOXIC· HEART MUSCLE 
WITH MOVEMENT OF THE SURROUNDING FLUID MEDIUM. 
THE ANALYSIS OF THE VARIANCE WAS SIGNIFICANT. (p= <..01) 
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DISCUSSION 
During the course of a routine experiment unrelated to the content 
of this thesis, heart muscle was deprived of its oxygen supply by turning 
off the oxygen tank . Movement was induced in the bath fluid non-
specifically by a readjustment of the suffusion fluid system, and a 
record of the muscle contractions was made at the same time . The heart 
muscle, failing in contractility under hypoxic conditions, recovered 
a substantial amount of its previous aerobic contraction heights when 
motion was imparted to the fluid in the bath . The muscle reverted to 
a hypoxic performance when the movement of the surrounding fluid 
ceased. The subsequent investigation of this phenomenon comprises 
the content of this thesis . 
The magnitude of the above effect can be seen in Figure 1 if the 
comparison is made between the curves labeled 11Hypoxian and 11Hypoxia 
with Movement of the Fluid Medium. " At the end of one hour, the 
hypoxic muscle in a motionless medium can develop only 16 . 5% of the 
tension of which the oxygenated muscle is capable; whereas if the fluid 
medium is then circulated by stirring, the muscle regains 34.5% in con-
tractile strength which equals 51% of that observed in fully oxygenated 
muscle . As the experiment progresses, however, this increment in 
percentage is lost, so that the muscle develops less tension terminally 
than its unstirred mate . Possibly the initial tripling of contractile 
strength is the result of the redistribution of residual oxygen and 
metabolites . 
Statistical analysis of the variants of the curves "Hypoxia" and 
"Hypoxia with Movement of the Fluid Medium" does not yield a significant 
difference---thus, the importance of the phenomenon of fluid movement 
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leading to increased contraction heights during hypoxia, lies primarily 
in the interest it stimulated toward further inquiry into the problem 
of hypoxia and anoxia, and the methods for creating anoxia. 
The standard in vitro procedure for creating anoxia is to bubble 
nitrogen, or a combination of nitrogen and carbon dioxide, through the 
medium. For several reasons a different procedure, involving the direct 
de-oxygenation of the fluid (rather than utilizing displacement of 
oxygen by other gases), was used as described in Materials and 
Methods . The advantages felt to be gained are as follows: 
1 . The method has not been used before, to the present knowledge 
of the investigators, and might, through the very newness of the 
process, reveal data otherwise possibly obscured by the mechanics of 
standard procedures used for creating anoxia. Possible disadvantages 
of standard procedures will be dis·cussed in reasons 2 & 3. 
2. The effectiveness of nitrogen as a means of replacing oxygen 
in the medium is subjected to certain physical principles that cast 
a measure of doubt upon the feasibility of this method. For example, 
Dalton showed that the amount in solution of the individual gases in a 
mixture of gases is directly proportional to their partial pressures, the 
solubility of each gas being nearly independent of the pressure of other 
gases. Since the solubility of oxygen in water is nearly twice as 
great as that of nitrogen and since the solubility of one gas is unaffected 
by the presence of another, the air dissolved in water (or Ringer's 
solution) is proportionately richer in oxygen than the air above the water 
(ll) . Bubbling nitrogen through the medium might not necessarily remove 
all the oxygen dissolved therein and it is questionable whether or not 
it would be able to replace entirely the air phase above the solution. 
Nitrogen gassing for the removal of oxygen is valid, therefore, only to 
the extent that the residual oxygen in solution is periodically analyzed. 
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3. Familiarity "With muscles existing under anoxic conditions 
soon leads to the conviction that such muscles are sensitive to 
alterations of environment, including agitation, and while well-
oxygenated specimens can take the buffetings of gas dispersed by 
pressure, a muscle subjected to anoxia may not. During any experiment, 
accidental trauma, no matter how slight, noticeably affected the 
contraction height. By replacing the gassing procedure with one of 
non-agit ated fluid nearly devoid of oxygen, it was felt that the 
deleterious effects of agitation in the anoxic state would be avoided. 
It should be mentioned that the stirrer used to impart motion to the 
fluid was essentially vibrationless and had no deleterious effects. 
Thus, by using oxygen-free fluid prepared under heat and vacuum, 
rather than nitrogen gassing, it was possible to create a quiet, low 
oxygen pressure environment. 
The results show unquestionably that oxygen deprivation has a 
profound effect upon the dynamics of heart muscle. Thus, heart 
tissue subjected to an anoxic, stationary environment (no fluid 
movement) can function for only 3 hours and at very low levels of 
contraction force (10 - 2% progressively of developed tensions 
exhibited by oxygenated muscles) as shown by the data of Table 2 and 
the "Oxygenation" and "Anoxic" curves of Figure 2. 
In contrast to function per se which deteriorates rapidly under 
anoxic conditions, survival, or the ability to retain viability 
and some degree of recovery of function upon the removal of the 
stressful situation, is not as adversely affected. Thus, 5~ of 
the muscles under severe anoxia for a period of 3 hours (ave. o2 
content of this series .072 vol.%) were able upon reintroduction of 
cxygen to recover a substantial amount ( 60% in mgm. developed tension) 
of the contractile force observed in oxygenated 
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controls at the end of 6 hours (an additional 3 hours of re-oxygenation 
was allowed for the anoxic muscles before recovery was considered complete) . 
It appears that during unmodified conditions of anoxia with an 
oxygen partial pressure of 37 mm. of Hg . extending over a 3 hour period, 
heart tissue has a moderate chance of survival and partial recovery of 
function . 
Induction of motion within the fluid surrounding the muscle by means 
of a high speed stirrer leads to several important changes in muscle 
function . The contractile period of the tissue is extended from the 3 
hours previously mentioned, to about 7 hours . Contraction height is twice 
as great at all points along the curve; % developed tensions now ranging 
progressively from 20 to 6% of oxygenated controls as compared to 
10 to 2% for muscles in an environment with stationary suffusion fluid . 
Moreover, once the muscle comes to equilibrium with its anoxic, mobile 
environment, the rate of fall - off of contractile height for the remainder 
of the experiment is remarkably similar to the decline of the controls; 
thus, the slopes of the regression lines calculated for controls and 
muscles contracting in oxygen- free Ringer ' s solution under motion do 
not differ significantly (see Figure 5) . 
While the postulation that similar or even identical metabolic 
systems are being utilized under oxygenated and anoxic conditions is 
difficult to make, in view of current concepts, one can state that once 
the muscle adapts itself to anoxic conditions, the rate of decline is 
thereafter governed by factors which are likely to be operative in the 
oxygenated state as well, such as the decline of an enzyme system 
subjected to artificial conditions of experimentation per se, and that 
the eventual failure of a muscle under anoxia can no more be attributed 
to anoxia alone than can the failure of its oxygenated control . Anoxia 
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starts the muscle out on a lo-vrer level of contractile strength ( 6'C$ 
lovrer by comparison of the extrapolations of regression lines "Oxygenated'· 
vs . "Anoxic with movement of the medium" in Figure 5), but following 
this initial adjustment, the behavior of the muscle parallels that 
of oxygenated muscle . The metabolic processes at vrork without oxygen 
are not only able to sustain viability, out a functional capacity 
of 13.7% of the total aerobic contractile strength. This figure vms 
derived as follovrs: the anoxic muscle i·rith fluid movement develops 
an overall 27.5% of the aerobic muscle contraction height at zero hour 
of the experimental period (23.7% anaerobic ~±e developed tension v 
divided by 86 . 3% aerobic muscle developed tension at zero hour) . But 
15.9% of the muscle column is receiving adequate oxygenation during 
anoxia as calculated in the section on considerations of tissue thickness 
and oxygen diffusion, because a small amount of oxygen (0 .12 vol.%) 
still remains in the anoxic fluid . To deduct the amount of developed 
tension being contributed by the muscle receiving this oxygen, 15. 9% 
is taken of the maximum amount of tension developed by control muscles 
( 86 . 3% developed tension), yielding 13.7% developed tension, I·Thich is 
then subtracted from the 27 . 5% tension developed at the onset of anoxia. 
The final figure of 13.3% developed tension represents that amount of 
muscl e function attributable to anaerobic muscle activity alone (-vrith 
15 . 9% of the muscle still functioning aerooically) . The 0.12 vol .% of 
oxygen in the anoxic fluid is 4 .9% of the 2 . 45 vol.% of oxygen present 
in oxygenated Ringer's solution . Thus, under the anaerobic conditions 
of these experiments the 0A7gen content of the fluid is approximately 
l/20 of the amount present in oxygenated Ringer's solution, and it is 
assumed that a state of relative anaerobiasis vms achieved by the 
methods employed to effect and sustain the removal of O~Jgen from the 
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fluid environment of the muscle. Inasmuch as the anoxic muscle was 
not only able to survive these conditions, but also to sustain by 
anaerobic activity alone 10 - 15% of the contraction height of the 
oxygenated muscle during the 6 hours of the experimental anoxic period, 
it can be postulated that extended deprivation of oxygen is not 
necessarily incompatible with tissue survival and that energy systems 
not ultimately related to, or dependent on, aerobic metabolic processes 
do exist within certain if not all tissues of mammals, possibly 
similar to lower forms of life and abnormal tissue such as cancerous or 
regressive-type cells. This statement can only be made, however, with 
the specification that the fluid surrounding the muscle be kept in motion. 
Whether the effects of fluid velocity are thermodynamical (dissipation of 
the heat of contraction Which might otherwise be detrimental to function), 
metabolic (removal of undesirable by-products of viability and activity 
from the vicinity of the muscle), physical (better dispersion of the 
remaining oxygen and metabolites within the medium), or explainable 
by some other factor, remains to be discussed and evaluated. 
The possibility of better oxygen dispersion can be approached by 
the consideration of tissue thickness Which, along with actual oxygen 
content of the medium, will determine the effect of the remaining oxygen 
upon muscle function. In 1929 Hill (13) derived a formula relating 
the thickness in em., r, to the 02 consumption of a cylinder of given 
tissue, with which calculations of the depth of oxygen penetration 
into the tissue, dependent upon the partial pressure of oxygen at any 
given moment, can be made. The formula is as follows: r = J 4 YK , where 
a 
r = the radius in em. of the cylinder of tissue rece~v~ng adequate oxygenation 
y =the 0~ concentration at the surface of the tissue (atm.) 
K =the diffusion coefficient of oxygen (ml./min.) 
a= the oxygen uptake of heart tissue (cc./min.) 
The diffusion coefficient K (1. 64 x 10-5) of oxygen through tissue "WaS 
determined by Krogh (15) . The o2 concentration at the tissue surface, 
or y, is obtained as follows: the partial pressure of oxygen bubbled 
through Ringer's solution is 760 nnn. Hg . or 2 . 45 vol.r{o . If the oxygen 
content of the medium is known (by Van Slyke determinations) to 
average 0 .12 vol .% during experimental conditions, then the partial 
0 .12 
pressure of oxygen is - or 0 . 049 atmospheres. The oxygen 
2. 45 
consumption of the heart tissue, or "a", is 13 ~L./mgm./hour (dry 
weight of tissue) (18) . Converting this to cc . /ml./min. yields the 
value 0 . 044. Substitution of these values in the formula above 
yields: 
r = 
1.64 3 
4 X 0 . 049 X X 10- -3 = 8 . 5 x 10 em. = 0 . 085 nnn. 
4. 4 
Thus, according to the formula, with an o2 concentration of 0 .12 
vol.r{o, the tissue which will receive an adequate supply of oxygen 
diffusing in"Ward from the muscle border tO"Ward the center of the 
cylinder, will be a stratum 0 . 085 nnn. in thickness, or an outside 
cylindrical shell with a radius of 0 . 085 nnn. surrounding an inside of 
unoxygenated tissue of 0 . 915 mm. (ave . radius of experimental tissue, 
1 nnn. ; ave . height, 2 nnn. ) . In diagrammatic form, this would be 
represented as follows: 
/ 
I 
0 . 085 nnn. tissue rece~~ng 
adequate oxygenation 
0 . 915 mm. tissue without 
adequate oxygenation 
Volume calculation of the theoretically oxygenated and unoxygenated 
cylinders of tissue indicates the relative amounts of tissue that are 
receiving adequate oxygenation and those portions which are not . Thus, 
35 . 
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since the volume of a cylinder is represented by r 2h and if subscript 
t equals the total amount of tissue in the cylinder and subscript w 
equals the calculated amount of tissue receiving inadequate oxygenation, 
2 
thenft tr h -1f ~2h = 1.57 zmn3 - 1.32 zmn3 = 0.25 nnn3. It is seen 
that 0.25 zmn3 of tissue is receiving adequate oxygenation out of a total 
of 1.57 zmn3 of tissue; or 15.9% of the tissue receives oxygen, 84.1% does 
not. Assuming that % developed tension is an indication of the amount 
of functioning tissue present (maximum initial r{o developed tension 
indicating all of the fiber bundles are functional---in this series 
peak control developed tension was 87% after extrapolation of the control 
regression line), one can then draw a regression line of the theoretical 
response of heart muscle to anoxia according to Hill's formula by 
translating the percentage of tissue receiving oxygen into developed 
tension. Thus, 15.9% functioning tissue will result in 13.7% developed 
tension ( .159 x 86.3r{o). If this theoretical contraction (13.7% 
developed tension) is compared with the actual contraction obtained 
at the institution of anoxia without stirring (13% developed tension), 
there is a difference of 0.7r{o in tensions; that is, the correlation 
is very close. Using the regression coefficient of the regression 
line dra'Wil for muscle contraction in anoxic fluid with no movement, 
and starting at 13.7% developed tension, one would obtain a regression 
line for the theoretical behavior of muscle in anoxic fluid that 
would correspond almost exactly to the regression line dra'Wil from 
data of actual muscle behavior during anoxia with no fluid movement. 
Thus, theoretical expectations and experimental results coincide as 
long as the anoxic fluid medium is motionless. But as previously 
mentioned, induction of fluid movement increases developed tensions by 
almost lO<:I{o as sho'Wil in Figure 6. It does not seem reasonable, however, 
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to attribute this increase caused by fluid movement to better dispersion 
of oxygen, for the following reasons : the diffusion of oxygen through 
a vmter is approximately 2 1/2 times as fast as the diffusion of oxygen 
through muscle tissue as sh01m by the diffusion constants determined 
by Krogh (15) for oxygen in vmter and muscle . Inasmuch as the uptake 
of oxygen by muscle is assumed to be a passive process related to gas 
diffusion constants, and the slower diffusion occurs inside rather than 
outside the muscle, the rate limiting factor in the utilization of 
oxygen at any given concentration is the muscle-- -not the diffusion of 
oxygen through the medium. And co2 released by the muscle would have 
little effect on the availability of oxygen because 1) the diffusion 
constant of co2 in solution is 23 times as great as oxygen, meaning 
that whatever co2 is produced is rapidly dispersed in the solution and 
2) according t o Dalton the solubility or concentration of one gas in 
solution is unaffected by the presence of another, so that the C02 
dissolved in solution would not decr ease the concentration of oxygen 
surrounding the muscle . 
Other explanations to account for the improved muscle contraction 
seen upon induction of fluid movement would include the removal of 
metabolic by-products or toxic substances by fluid motion, and the 
thermodynamic concept of the relationship betvTeen the heat of muscle 
contraction and fluid motion. 
The l ess esoteric of these, the accumulation of metabolic by-
products or toxic substances released by tissue during anoxia, is a 
real possibi lity as shown by earlier experiments where 5o% of the anoxic 
muscles died during the procedure . Discussion of these factors is 
difficult, hO"\vever, inasmuch as neither the substances possibly toxic 
to heart muscle nor their diffusion rates are knovm. Certainly, two 
end-products of metabolism that would be toxic to skeletal muscle 
in vivo would seem to ha-ve no effect upon the heart muscle subjected to 
the conditions of these experiments; that is, the effects of co2 and 
lactic acid. As previously shown by consideration of the properties 
of gas, it is doubtful that co2 would seriously _::fect the contractions 
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of the heart muscle. And lactic acid is utilized by heart muscle in 
contrast to skeletal muscle. Since 15% of the heart muscle was fUnctioning 
aerobically, a certain amount of the lactic acid produced under anaerobiasis 
would be utilized. Inasmuch as this substance is a metabolite for the 
heart, it would seem unphysiologic that whatever quantity remained 
would be harmfUl to the heart except for the possibility of pH alterations; 
but the heart has been shown to be stable to relatively large changes 
in pH (7). In spite of these considerations, however, the presence 
of substances deleterious to the function of the muscle, removed by 
movement of the surrounding medium, remains a possibility until proven 
otherwise. 
The suggestion was made { 29) that the immobile fluid might act as 
a type of insulation around the muscle, not permitting the free outwald 
movement of the heat incurred during the process of contraction; and 
furthermore, that institution of fluid circulation would then act as a 
cooling system to actively carry away this heat of contraction, returning 
the temperature of the adjacent fluid environment to the physiologic 
0 
optimum of these experiments, 37.5 C. Certainly, this is a possibility, 
and pilot experiments carried out under the conditions established 
during the course of this investigation indicate that the anoxic muscle 
is extremely sensitive to temperature changes above and below 37.5°c. 
Careful experiments in this area, probably involving new and refined equip-
ment, would be in order. 
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The remaining task, then, is to draw whatever pertinent conclusions 
are possible from the statistical data. Assuming that induction of 
fluid motion leads to optimal muscle fUnction, whether for metabolic 
or thermodynamic reasons, one can state that in the anoxic contracting 
muscle, anaerobic metabolism is capable .£! supplying!:!:!! amount of energy 
that will sustain 16.3% of the total oxygenated develgped tension. This 
figure was derived as follows: from the overall Z7. 5i tension developed 
by the muscle in1 tially during anoxia ( 23.7/86. sfo developed tension). 
13.7% developed tension is subtracted to account for the tension 
developed by the portion of muscle receiving adequate oxygenation 
according to Hill's formula. To the remaining contractile force of 
13.8c;, developed tension, 2.5c;, developed tension is added, whiCh represents 
the estimate of that amount of developed tension that would be ·derived 
from the 15. gfo aerobically fUnctioning tissue, were it fUnctioning 
anaerobically. The final amount of developed tension, 16.J{o is that 
amount of developed tension attributable solely to anaerobic metabolism 
when the muscle is functioning under anoxic conditions. InasmuCh as the 
rate of decline of both oxygenated and anoxic muscle is similar, this 
percentage is valid for the six experimental hours of anoxia endured by 
the heart muscle. 
Summary and Conclusions 
Deprivation of oxygen to cardiac tissue results in profound 
alteration of fiber function and dynamics. 
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Developed tension falls rapidly (to lCI{o within an hour) and tissue 
survival extends roughly three hours. Reintroduction of oxygen at this 
time proves, however, that viability is still present in 5C/fo of the 
population, and contractile strength will resume 6C/fo of control values 
Yli thin three hours folloYling reoxygenation. 
When the solution surrounding the muscle is put into motion by 
means of a stirrer, survival time and contractile strength are both 
doubled. Thus, anoxic tissue in the presence of a mobile fluid 
environment can, contrary to current concepts, survive up to seven hours 
and retain initially 'Z7 .5'{o of control contraction values. The rate 
of decline of anoxic muscle with fluid medium movement does not differ 
significantly from the decline of control muscle (by comparison of 
regression coefficients). Thus, laCk of oxygen per~ does not 
necessarily explain the failure of cardiac muscle under conditions of 
anoxia. 
Consideration of the possible explanations for these phenomena led, 
via tissue thiCkness considerations, to a study of the energy quanta 
involved, including an estimation of the amount of devloped tension that 
can be achieved by cardiac muscle relying solely upon anaerobic energy 
sources (16.3%). 
It is suggested that further experimentation, involving metabolic 
and temperature factors, would help to clarify certain areas of 
causation and effect which still remain obscure. 
ABSTRACT 
Rat heart muscle was subjected to quantitated conditions of 
anoxia achieved by extracting oxygen from Ringer's solution under 
vacuum and heat. Special Van Slyke analyses measured the amount of 
oxygen remaining in solution after the extraction procedures had 
been carried out. 
Myocardial response to anoxia was studied in terms of survival, 
or the ability of the heart tissue to remain alive during anoxia with 
resumption of function When placed in an oxygenated environment, and 
in terms of function, or the ability of heart muscle to contract 
during anoxia. 
Results showed that deprivation of oxygen to cardiac tissue 
41. 
leads to profound alterations of fiber function and dynamics. Developed 
tension falls rapidly and tissue survival extends roughly three hours. 
Reintroduction of oxygen at this time proves, however, that viability 
is still present in 5Ci{o of the population, and contractile strength 
w.i.ll resume 6\Jf, of control values within three hours follow.i.ng 
reoxygenation. 
When the solution surrounding the muscle is put into motion by means 
of a stirrer, survival time and contractile strength are both doubled. 
Thus, anoxic tissue in the presence of a mobile fluid environment can, 
contrary to current concepts, survive up to seven hours and retain 
(initially) 'Z{ .5tf, of control contraction values. The rate of decline 
of anoxic muscle with fluid medium movement does not differ significantly 
from the decline of control muscle (by comparison of regression coefficients). 
Thus, lack of oxygen per 2!: does not necessarily explain the failure of 
cardiac muscle under conditions of anoxia. 
42. 
Consideration of the possible explanations for these phenomena led, 
via tissue thiCkness considerations, to a study of the energy quanta 
involved, including as estimation of the amount of developed tension 
that can be aChieved by cardiac muscle relying solely upon anaerobic 
energy sources (16.3%). 
It is suggested that fUrther experimentation, involving metabolic 
and temperature factors, wuld help to clari:f'y certain areas of 
causation and eff'ect whiCh still remain obscure. 
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